A transmission electron microscopy examination of hydrothermally produced carbon nanofibres/nanotubes with outer diameter 50-200 nm suggests that the tube walls are inclined with respect to the tube axis. The apex angles are in the range 8
Introduction
The structure of multi-wall carbon nanotubes (MWNTs) depends on their synthesis method. In MWNTs produced by arc discharge, the graphite layers comprising the nanotube walls appear like concentric cylinders [1] . A similar wall structure has also been observed in MWNTs synthesized by catalytic chemical vapour deposition (CVD) [2, 3] . However, it has been argued that the MWNTs might have a scroll structure [4] or consist of a mixture of scroll-like and concentric structures [5] . In addition to the well-documented cylindrical structure, conical structure of MWNTs has also been reported [6, 7] . The graphite layers of conical tube walls lie at a certain angle with respect to the tube axis and terminate at both inner and outer surfaces of the tubes. Such conical structure is also known as 'herringbone' structure. The conical tubes may be built of nested cones or formed by a conical scroll.
Recently, hydrothermal synthesis of carbon nanofibres has been demonstrated [8] [9] [10] [11] [12] by the autoclave treatment of precursors in the C-H-O system at high temperatures (up to 800
• C) and high pressures (up to 100 MPa) in the presence of a metal powder catalyst. The hydrothermal carbon nanofibres are hollow and typically have a large diameter (50-200 nm) [9] . This is the reason why the material is referred to as 'nanofibre' or 'nanopipe' [10] instead of 'nanotube' which is usually considered to have a smaller diameter and cylindrical tube walls. However, they can also be 10-20 nm in diameter [13] . Since growth from supercritical water is supposed to occur under equilibrium conditions and surface transport rates are much higher than in CVD synthesis at similar temperatures, well-ordered graphite walls can be produced [9] . Hydrothermal nanofibres have also demonstrated unusual hydrophilic behaviour [8] that has not been fully explained. The objective of this work is to study the wall structure and composition of the hydrothermal nanofibres, as compared to usual MWNTs, with the goal of explaining their properties.
Experimental procedures
The nanofibres were synthesized hydrothermally by treating ethylene glycol (HO-CH 2 -CH 2 -OH) and water in the presence of Ni catalyst at 770
• C under 50-90 MPa [8, 9] . The system was kept at elevated temperature and pressure for more than 20 h in order to reach equilibrium. Upon completion of the synthesis procedure, some of the nanofibres were seen to contain an aqueous, multiphase fluid [10, 12] . The products were examined by transmission electron microscopy (TEM) showing that the semi-apex angle between graphite layer and tube axis is 6.8
• . A schematic illustration of the conical wall structure is shown in (c).
using a JEOL JEM-2010F (200 kV) with a point-to-point resolution of 0.23 nm. The TEM samples were prepared by dispersing the nanofibres in isopropanol and then placing them onto a copper grid coated with a lacy carbon film. Electron energy loss spectroscopy (EELS) analysis was performed using a Gatan parallel EELS spectrometer and applied to determine the element distribution in the hydrothermal nanofibres. C-K and O-K edges were selected to produce EELS spectral images (C and O maps) with the assistance of the Digital Micrograph program.
Results and discussion
A TEM image of a typical fibre produced hydrothermally is shown in figure 1(a) . This nanofibre has an outer diameter of approximately 90 nm, wall thickness of 20 nm, and contains a liquid inclusion with a length of about 150 nm along the tube axis and volume of ∼3 × 10 −19 l (0.3 al). The liquid is mainly H 2 O with a small amount of dissolved CO 2 and CH 4 [8, 9] . During TEM observation, the fluid inclusion demonstrated volume contraction/expansion upon heating/cooling achieved by manipulating the illuminating electron beam, similar to that reported in [10, 12] .
High resolution TEM ( figure 1(b) ) reveals the tube wall structure with lattice fringes oriented at a certain angle with respect to the tube axis, as schematically illustrated in figure 1(c) . The angle between graphite layers and tube axis is measured to be 6.8
• , which corresponds to an apex angle of 13.6
• . The apex angles of 34 measured hydrothermal nanofibres are summarized in the histogram shown in figure 2 . Most of the apex angles were determined to be in the range 8
• -16
• with an average value of 11.8
• . None of the observed nanofibres had an apex angle below 6
• or above 24
• . These results indicate that the employed hydrothermal synthesis conditions produce a certain range of apex angles.
The wall structure of hydrothermal nanofibres cannot be explained by the nested-cone model illustrated in figure 3(a), because only five kinds of cones [14] can be made from a continuous graphene sheet; these five cones correspond to apex angles of 19.2
• , 38.9
• , 60
• , 84.6
• and 112.9
• . This requirement is not in agreement with the small apex angles (8
• -16 • ) measured for the present hydrothermal nanofibres (figure 2). Since the interaction between the graphitic cones is due to weak van der Waals bonds, nested cones are expected to lead to tubes of low strength. This does not agree with TEM observations, which have shown that the present hydrothermal tubes can collapse and expand under the influence of electron beam without failure or loss of the encapsulated high-pressure fluid (figure 4). The scroll model is therefore brought into consideration. There are several types of scrolls [15] . Two facts should be taken into account when using a scroll model to explain the wall structure of hydrothermal nanofibres. The first one is that during the scrolling of graphite sheets the inner and outer diameters of the nanofibres remain constant, as shown in figure 1(a) . This eliminates the cylindrical-scroll model (with apex angle of 0 • or close to 0 • ) shown in figure 3(b), because with continued scrolling, the outer diameter of the nanofibre would become larger. The other is that the spacing between the newly formed graphite layer and the previous layer is equal to 0.34 nm, as measured in high resolution TEM images (for example, figure 1(b) ), corresponding to the d-spacing of graphite (002) sheets. A conical-scroll tube model based on these two considerations is schematically shown in figure 3(c) . A single graphene sheet scrolls around itself in two opposite directions, as indicated by the arrows in figure 3(c), a procedure which can extend the formed nanofibre to infinite length.
To understand how the conical wall structure may start to grow, it is necessary to study the end structure of the nanofibres. Hydrothermal nanofibres typically have a Ni catalyst particle at one end ( figure 5(a) ). Figure 5 (b) shows a graphene sheet wrapping around a Ni particle. A schematic drawing (inset of figure 5(b) ) demonstrates the wrapping process and the orientation of the tube wall relative to the Ni particle. At the other end of the nanofibres, two structures were usually observed (as seen in figures 5(c) and (d)). Figure 5(c) shows an open end. In figure 5(d) , the end is closed by a large graphite particle, where the orientation of the tube walls is the same as in figure 5(c) . While the tube end in figure 5(a) corresponds to the top end of the schematically illustrated nanofibre ( figure 3(c) ), those in either figure 5(c) or (d) could represent the bottom end. Different from the top end, which can wrap a Ni particle, the bottom end has poor contact with Ni or carbon particles and may easily lose them to form an open end.
The growth of carbon fibres and MWNTs on metallic catalysts has been investigated extensively [16, 17] . A schematic drawing of the model accepted for the growth of catalytic MWNTs is shown in figure 6(b) . Carbon produced by catalytic decomposition of hydrocarbon vapours dissolves in the catalyst particles and then deposits at one part of the particle surface, forming MWNTs. Although the tubes may have various shapes such as straight, curved, or helical due to the uneven catalytic activity on the particle surface, essentially most of the previous work [16, 18] dealt with concentric multishell cylindrical tubes. In comparison, a schematic illustration of the suggested growth of hydrothermal nanofibres is shown in figures 6(c) and (d). As in figure 6(b) , carbon diffuses through the Ni particles to form nanofibres. The difference is that the growth of the hydrothermal nanofibres is spiral and the graphite sheets have a constant angle to the tube axis. The apex angle of the produced nanofibres is determined by the shape of Ni particles which the nanofibres wrap. It is found that the nanofibres prefer to wrap Ni particles with a low slope. If inclination of the Ni surface is too steep, the bonds between graphite sheets and Ni particles might not be sufficient to keep them attached [19] . That is probably the reason why the measured apex angles of the hydrothermal nanofibres examined here have mainly small values (as shown in figure 2 ). Besides the apex angle, the nanofibre diameter and wall thickness are also determined by the shape and size of Ni particles. In figure 3(c) , it is believed that the open end may grow by scrolling itself ( figure 6(c) ), but with a slower speed than the top end (Ni particle), because decomposition of hydrocarbon vapours without Ni presence is more difficult. Those bottom ends may be closed by a massive carbon particle (see figure 6(d) ), thus hindering further growth.
In conclusion, it is believed that the initial stages of growth of hydrothermal nanofibres ( figure 6(a) ) occur with the same mechanism as that in the growth of carbon filaments [17] . In this process, carbon deposits between a Ni particle and a support, which can be another Ni particle, a graphite particle produced during hydrocarbon decomposition, an impurity, or any mixture of the above. If the Ni particle has a proper shape as described above, carbon may start to wrap the particle and form a nanofibre. With new carbon atoms depositing on the interface between the particle and the nanofibre and forming new graphene sheets, the nanofibre starts to grow, with the High resolution TEM images of hydrothermal carbon nanofibres: (a) a hair-like coating is visible on the outer surface of the nanofibre. For this fibre, the semi-apex angle between the graphite layers and tube axis is 6.8
• . (b) Graphite layer bunches (marked by white arrows) pealed off from the inner surface of the nanofibre. In this case, the semi-apex angle is 6.1
• . Figure 8 . EELS maps of a hydrothermal nanofibre. The pixel size is 5 nm. C-K and O-K edges were selected to perform mapping. The O map shows that oxygen is present both inside (as water or CO 2 ) and outside (as surface groups) of the nanofibre.
conical-scroll model shown in figure 3 (c) and indicated by the spiral curve in figure 6(d) . As a result, the Ni particle is pushed away from the support with the nanofibre connecting them. Sometimes the loose contact between nanofibres and supports might be broken during hydrothermal treatment. Thus, an open end forms, and a structure like that in figure 6(c) can be found. The above discussion on the wall structure suggests a high density of graphene edges at both inner and outer surfaces of the hydrothermally produced nanofibres. Since the tube growth occurred within the C-O-H fluid, it is reasonable to assume that carboxyl or hydroxyl groups may attach to graphene edges during the synthesis. However, because the hydrothermal nanofibres contain a large amount of water and CO 2 dissolved, FTIR spectra were not conclusive and could not identify the surface functional groups, whose signals were obscured by those of water and CO 2 . High resolution TEM and EELS elemental analysis were therefore used for chemical analysis of the nanofibre surfaces. The TEM image in figure 7(a) shows Figure 9 . EELS spectra of the hair-covered surface and the inner nanofibre wall. Scanning probe size was 1 nm. O-K edge is detected in the hair region. π * peak of C-K edge, characteristic of the carbon nanofibre wall, is absent in the hair-like surface region. a hair-like structure on the outer wall surface. The EELS mapping (figure 8) shows oxygen presence inside and outside the nanofibre. The oxygen inside probably corresponds to the trapped fluid (H 2 O and CO 2 ) and any surface functional groups attached to the inner wall. The oxygen outside corresponds to the hair-like structure on the wall. Since adsorbed water on the outer surface cannot survive the high vacuum of TEM, the oxygen-containing surface 'hairs' must be functional groups bonded to the exposed edges of graphene sheets. Furthermore, the π * peak of C is not detectable in the EELS spectrum of the hair-like surface region (figure 9) in contrast to the inner tube wall, which suggests that C in the outer surface layer has sp 3 hybridized orbital, in agreement with the sp 3 carbon in carboxyl groups. The length of the 'hairs' in figure 7(a) is measured to be 5 Å on average, which better matches the length of -COOH (∼4.0 Å) than that of C-O-H (∼2.4 Å) or C=O (1.1 Å) bonds [20] . The above analysis, however, does not exclude the presence of other oxygen-containing functional groups.
Besides the surface hair-like structure, another interesting feature of the hydrothermal nanofibres is revealed in figure 7(b) . The fluid trapped in the nanofibre shown in figure 7 (b) has undergone violent evaporation due to fast heating with a focused electron beam. Some graphene layer bunches were found to be pealed off from the tube wall bending toward the tube axis. Such observation might be explained by the interaction between COOH-or OH-terminated graphite layers and water. Hydrogen bonding appears to be strong enough to overcome van der Waals interaction between graphite layers in the tube wall and pull the graphite layers away from the inner tube surface.
The only observation that remains unexplained using the scroll model is the perfect hexagonal ordering which was locally observed in some nanofibres e.g. upper left area ( figure 7(a) ). Small and random apex angles might not be able to produce such structures. The presence of areas shown in figure 7(a) may be explained by partial polygonization of large-diameter tubes [9] .
There appear to be many advantages of the conical-scroll structure. As shown above, surface functionalization and modification is possible. -OH, -H or halogen termination, as well as synthesis of surface coatings, is possible due to the high reactivity of graphene sheet edges. High conductivity (electrical and thermal) is expected along the tube axis due to the continuity of the graphene sheets. The values should be somewhat lower than those in the cylindrical scroll, but much higher than in nested cones or disordered CVD nanotubes. The conductivity across the wall should be higher than in co-axial (Russian-doll) tubes. This may allow for the efficient use of conical scrolls as nano-heaters or heat pipes. They should also be very efficient as an additive to polymers or ceramics for improving thermal/electrical conductivity. Finally, the scroll structure allows penetration of liquids and gases into the tubes under high temperatures and pressures existing in the autoclaves. Penetration of water between graphene layers has been shown in [11] . Our recent experiments have demonstrated that water, organic liquids, and gases such as Ar penetrate into the scrolled tubes under elevated temperatures and pressures. Thus, these tubes show potential for use in gas/liquid storage [21] .
Conclusions
Conical wall structure has been identified in hydrothermally synthesized carbon nanofibres with apex angles in the range 8
• . The initial graphene sheets form conical tube walls by wrapping around Ni catalyst particles. The apex angle, tube diameter and wall thickness are determined by the shape and size of Ni particles. Continuous deposition of carbon at the interface between the Ni particle and nanofibre leads to the growth of the nanofibre. Oxygen termination of tube surfaces has been demonstrated through EELS and HRTEM. Using the conical-scroll model, it is suggested that functional groups bind to the edges of graphene layers on the outer and inner tube surfaces, thus making the hydrothermal nanofibres hydrophilic.
